ABSTRACT A qualitative spectrographic method of analysis of single mineral grains, impurity inclusions, X-ray powder spindles, and other small samples weighing 1 mg or less is described. Samples weighing as little as 0. 01 mg have been analyzed. Where 1 mg of sample is available, the accuracy of the method approaches that of a semiquantitative! method. During a 10-month period, 20,000 determinations of 69 metallic and metalloid elements in more than 300 small samples have been made with the method. In conjunction with petrographic, physical, and X-ray methods, these determinations of chemical composition have been useful in establishing the mineral identity of small single grains. A direct-current arc is used. The use of a standardization solution that includes only one element per plate greatly facilitates the selection ot: reliable analytical lines. A small carbon electrode cut from graphite stock 1/8-in. in diameter is used; this is convenient for the loading and arcing of X-ray powder spindles. The mediumsize quartz-prism spectrograph is preferable to a grating instrument for qualitative microanalysis as its complete spectrum coverage for a single exposure includes the most sensitive lines of the alkali elements.
lliTRODUCTION
In connection with the investigation of radioactive raw materials conducted by the U. S. Geological Survey on behalf of the Atomic Energy Commission, a large number and variety of samples are received for spectrographic analysis.
1 Among these samples are many that are available only in 1-mg amounts or less and consist chiefly of mineral grains and impurity inclusions hand-picked under a petrographic microscope from many rocks and ores being studied. Because these small samples are ·composed of grains selected individually and may occasionally include but one grain each, they are also referred to as "single-grain" samples.
Although many of these grains can be identified on the basis of such properties as crystal structure, index of refraction, hardness, specific gravity, and X-ray diffraction pattern, frequently their chemical composition must also be determined in order to establish their mineral identity (Lee and Wright, 1939) .
Owing to the small size of the samples, which generally limits the duration in the arc of their characteristic spectra to a few seconds or less, the application of a visual spectroscope (Peterson and others, 1947; Jaffe, 1949 ) is restricted to the determination of one or two major elements at a time. Also, unless larger samples are used, many elements, such as arsenic, boron, and phosphorus, whose principal emission lines occur in the ultraviolet range not visible to the eye, cannot be detected with the spectroscope.
recorded on a photographic plate, it produces an objective and permanent record of the analysis of a sample.
The a:uthor is indebted to his associates of the Geological Survey for their help and cooperation, particularly to A. W. Helz for his invaluable technical aid and to C. L. Waringwhose suggestions contributed materially to the scope of this paper. Special thanks are due also to C. S. Annell for the use of his standard solutions, to Alice Dowse Weeks and Mary E. Thompson for providing many of the samples, to Evelyn Cisney and Joseph Berman for the X-ray diffraction pattern checks, and to A. M. Sherwood for most of the chemical microanalyses.
DISCUSSION
In addition to inclusions and small single grains, the types of samples analyzed included magnetic separates, fragments of\ mineralized wood, placer sand, sediments, chemical precipitates, distilled water residues, furnace slags, and corrosion products. Samples weighing as little as 0. 01 mg were analyzed. During a periop of ten months, 20,000 determinations of 5g metallic and metalloid elements (table 1) in more than 300 small samples were analyzed by the method.
The single-grail]. samples are received in the form either of the grains themselves or more often of ethyl cellulose X-ray powder spindles containing the grains.
The practice of arcing X-ray spindles rather than duplicate samples of the grains is advantageous because it reduces the amount of separation work required and also permits the data from the spectrograms of the ar-ced spindles to be checked directly with that from the X-ray diffraction patterns previously obtained.
The spectrographic results are reported qualitatively as 11 major, 11 minor, 11 and 11 trace, 11 corresponding approximately to brackets of 10 percent and over, 1-10 percent, and 0.1-1 percent concentrations. With single-grain samples and X-ray spindles these results are used specifically (1) to confirm the cherr1ical compositions of minerals tentatively identified by their X-ray diffraction patterns and other properties, (2) to determine impurities in the minerals,and (3) to differentiate between minerals producing similar X-ray diffraction patterns, such as metatorbernite and metazeunerite. If no patterns are obtained, the spectrographic reports aid further study and purification work.
Some of the minerals that have been analyzed and whose identifications have been confirmed by checks of the spectrographic results with the X-ray diffraction patterns are: .The spectrographic method of microanalysis initially applied to this wide variety of minerals utilized a 220 d-e volt arc at 10 amp and an Eaglemounted 3-meter grating spectrograph. The d-e arc was chosen because, generally, it gives the highest sensitivity (Nachtrieb, 1g50). As the method involved a determination of major and minor elements in very small samples, the use of the same excitation con--· ditions favorable to the determination of trace elements in larger samples was indicated. Because the use of 1 mg amounts of each of the standard mixtures in the preparation of the standard plates was based on taking 1 mg of the unknown sample, 10 perc_ent standard spectrograms were obtained by using 10-mg amounts of the 1 percent mixtures. The arrangement of the elements within each mixture followed that described by Van Tongeren (1g38).
This procedure had two serious limitations: ( 1) as the exposures were made in the generally useful range of 2450-3850 A, the single-exposure spectrum coverage of only 1400 A did not include the most sensitive lines of the alkali elements; and (2) the complexity of the spectrograms of the 1 percent standard mixtures, that made it difficult to select and identify the reliable analytical lines for each element.
The disadvantage of limited wavelength coverage for a single exposure applied also to the Wadsworthmounted 21-ft grating spectrograph. With its grating set to cover the ultraviolet range down to 2250 A, the upper wavelength limit effective is at '4750 A, which falls short of the 5890-7700 A region where the persistent K, Li, and Na lines are located. The detection limits of K and Na with the grating spectrographs set in the ultraviolet range are only about 10 percent on the basis of 1 mg of sample.
When a medium quartz prisrE spectrogra:ph accomodating 14-in. plates and permitting a singleexposure coverage of the entire range from 2080 to 10,000 A became available, the method was transferred to this instrument. The d-e arc was retained. At the same time the solution standardization procedure described by Waring and Annen (1951) was adopted (see Procedure).
Because the complete spectrum coverage of the prism spectrograph for a single exposure makes ava.ilable the K lines at 7665 and 7699 A and the Na lines at 5890 and 5896 A, it is possible to detect K and Na as low as 0. 1 perceht in 1 mg samples. This is a distinct advantage, especially in seeking to differentiate between various uranium minerals, such as carnotite and tyuyamunite (table 4). In addition theCa lines at 8498, 8542, and 8662 A are available. As many of the samples submitted for analysis contain high concentrations of uranium, these lines are useful because their intensities are not depressed by uranium nearly as much as are those of theCa lines at 3159 and 3179 A.
The use of standard solutions, involving only one element per plate and producing relatively simple spectrograms, greatly facilitated the selection of reliable analytical lint?S (table 2). The accuracy of the method depends upon the utilization of the proper lines (see Res_ults and tables).
Checks of many of the X-ray diffraction patterns and some chemical checks, obtained in tho'Se few cases where enough sample was available for a chemical rr.icroanalysis, have been made (tables 3 and 4): The agreement of the c'hemical and spectrographic results are adequate for purposes of mineral identification. It has been our experience in applying the method that the agreement is likely to be good for sarr1ples weighing about 1 mg; for such samples the results may become semiquantitative rather than qualitative.
Although the standardization of the method is on a semiquantitative basis (Waring and Annell, 1951) , the results have been reported only in qualitative terms, defined in Discussion, for the following reasons: (1) many of the samples weigh les~ than 1 mg, necessitating upgrading of the element concentration estimations with respect to the standard spectrograms that are b.ased on 1 mg of sample; (2) in the case of the X-ray powder spindles the exact weights of the samples are not known; (3) the omission of a flux (Procedure) increases the possibility of the sample matrix influencing a determination; and .( 4) the number of c;hemical checks is insufficient for a statistical study of the accuracy of the method.
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The dispersion of the medium quartz prism spectrograph used is 4. 6 A/mm at 2500 A, 8;4 at 3000 A, 17. 2 at 3500 A, 21. 5 at 4000 A, 42 at 5000 A, 75 at 6000 A, and 111. 5 at 7000 A. The low dispersion from 5000 A up is not troublesome because this region is generally free from strong lines other than those of the alkali elements which are readily resolved.
Another medium quartz prism spectrograph was available having a lower dispersion of 8. 7 A/mm at 2500 A, 14. 8 at 3000 A, 22. 5 at 3500 A, 33 at 4000 A, 61 at 5000 A, 100 at 6000 A, and 167 at 7000 A. This spectrograph permits a complete spectrum coverage for a single exposure on a 10-in. plate. Tests were made to determine whether this instrument was also applicable to the microqualitative method in spite of its lower dispersion than the first spectrograph. Under similar excitation, optical, and exposure conditions (Procedure), a plate was exposed to 1 mg samples of four minerals producing complex spectra (carnotite, calcium ·uranylvanadate, brannerite, and allanite). Then, utilizing the solution method of preparing the standard electrodes, standard plates were made for the elements Ca, K, Na, Fe, Ti, Si, Th, U, V, Ce, La, and Y, constituting the major and minor components of these minerals. The series of spectrograms obtained for each· element represented concentrations of 10 percent, 1 percent, and 0.1 percent based on 1 mg of sarr1ple. By means of these standard plates, the positions of the analytical lines were readily determined. In spite of the low dispersion of the instrument, no difficulty was experienced in identifying these lines in the complex spectrograms of the 11 unknown 11 samples. The analytical results obtained checked with those previously reported for the same samples tested with the prism spectrograph with higher dispersion. It is thus indicated that, in conjunction with the solution standardization procedure, the lower dispersion medium prism spectrograph also can be used effectively for the qualitative analysis of single grains, X-ray spindles, and other small samples weighing 1 mg of less.
Prior to adopting the solution method of standardizing the medium quartz prism spectrographs, the use of pure minerals as standards had been considered. For the following reasons, however, it was adjudged impracticable: (1) the v~ry·large number of mineral standards required; (2) the difficulty of obtaining pure minerals; (3) the problem of diluting these minerals to obtain sets of spectrograms corresponding to various series of decreasing element concentrations; (4) the presence of impurities in the unknown samples analyzed and the fact that the samples are often mixtures of two or more distinct minerals; (5) the need for an independent and allinclusive procedure of.analysis in cases where the sample is a newly discovered mineral in the proces~ of identification or where it is a chemical precipitate or other material; arid (6) the complexity of the resulting spectrograms thus again making it difficult to select reliable analytical lines.
PROCEDURE
As. described by Waring and Annen (1951) , the solution standardization procedure involves the preparation of a standard plate for each element, each plate showing a series of spectrograms representing element percentages decreasing in mult.iples of ten from 10 percent to 0. 0001 percent, based on an unknown sample weighing 1 mg.
The standard solutions are prepared from 11 C. P.
11 and "Specpure" grade chemicals usually to give a concentration of 10 mg of the element per milliliter of solution (for the compositions); 0. 01 ml of each 10 mg/ml solution is equivalent to 10 percent of the element in a 1 mg sample. These solutions are consecutively diluted so that 0. 01 ml of each is then equivalent to 1. 0, 0. 1, 0. 01, 0. 001, and 0. 0001 percent of element based on a 1-mg sample.
In the preparation of a series of standard electrodes representing 10-0. 0001 percent element concentrations in a 1-mg sample, the bottoms of the electrode craters are first sealed with paraffin added in the form of a few drops of a 1 percent benzene solution of the wax (Waring and Annell, 1951) . Then 0. 01-ml aliquots of the 10-0.0001 mg/ml solutions are introduced into the electrodes, using a micropipette equipped with an extension whose tip fits into the craters. The electrodes are dried in a brass holder placed on an asbestos-covered hot plate adjusted to a temperature of approximately 100 C.
Provision of reference spectra for the standard plates follows the arrangement used by Waring and Annell . (1951) . Before arcing of the electrodes in: the order of decreasing element concentration, a spectrum of iron is recorded on the plate. Following arcing of the last standard electrode, a spectrum of 1 mg of aluminum alloy (Alcoa aluminum standard no. 874) weighed out in the form of filings is also registered. The spectrograms are 2. 3 mm high and positioned so that the bottom of one spectrogram nearly coincides with the top of the succeeding one. The arrangement is similar for the unknowns.except that the number of spectrograms included between the reference spectra is limited to two or three. In running a suite of unknowns, a half dozen such series of spectrograms and reference spectra can be recorded on a plate.
The concentrations of elements in the unknown samples are estimated by visual comparison of certain lines of these elements in the unknown spectrograms with those on the standard plates. Where the sample weight is less than 1 mg, the estimations are upgraded by the necessary factor. If, for example, the sample weighs 0. 5 mg, the preliminary estimations are multiplied by two. The plates are read on a viewing desk under a microscope or on a viewing box with a magnifying eyepiece.
Besides furnishing reference points additional to those provided by the iron spectrum, the aluminum alloy spectrum serves as a useful check on exposure, emulsion speed, and plate processing. The Cr line at 2780. 703 A, in particular, is a sensitive indicator of the optimum conditions. When these are being maintained, the intensity of the line falls within a transmission range of 80 to 95 percent, measured with a Jarrell-Ash microphotometer. The other components of the alloy--Cu, Fe, Mg, Mn, Si, Ti, and Zn--present in known trace amounts also produce lines whose intensities may conveniently be used for supplementary reference when estimating concentrations of thetSe elements in the unknowns.
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The power for the d-e arc is supplied by a fullwave mercury vapor rectifier (220 volts direct current and 15 amp maximum). An inductance for giving smooth operation of the arc and a rheostat for controlling the current are used in series with the arc. The rheostat has three fixed values, 74, 38, and 19 ohms, producing three possible arc currents of approximately 2, 4, and 9 amp. The value of the inductance is not critical; in this case an old 7. 5-kw autotransformer is used for the purpose.
The standard electrodes, the aluminum alloy samples, and the unknowns are arced at 9 amp. The iron arc is operated at 4 amp. All arcings are with a gap of 4 mm for a period of 60 seconds at 8 percent transmission controlled by a rotating-sector disk. The slit width is 10 microns, with the arc focused on the collimating lens. The emulsion used is Eastman I-L, developed in D-19 for 4 minutes at 18 C .:!:.l/2 C.
The samples are weighed on a 5-mg torsion microbalance and generally range from 0.1 to 1 mg. A microfunnel drawn from 7-mm glass tubing is used t-e transfer the samples from the detachable balance pan to the electrode craters. Spindles are transferred directly by sliding them off the pan.
The weight of sample in a spindle is determined approximately by subtracting from the total weight of the spindle and its contents the estimated weight of the spindle alone. Spindle weights can be estimated to within about+ 0.1 mg by comparison with an available series of previously weighed blank spindles. A supplementary criterion for estimating the weight of sample in a spindle is the fact that usually the weight ratio of spindle to sample is about 1:1. As spindles and their contents .usually weigh from 0. 5 to 1 mg, the actual sample weight ranges from 0. 25 to 0.? mg.
No powdered graphite or other flux is added to the sample because the nature of the samples precludes effective mixing.
The determination of fluorine in the samples of low calcium content requires a separate exposure (Waring and Annell, 1952) . Two-tenths of a milligram of calcium as calcium chloride "in solution is added to the electrodes that are dried before introduction of the unkri.own samptes. The addition of calcium causes the formation in the arc of the calcium fluoride molecule that emits the bands used for the fluorine estimation.
The carbon microelectrode used has a deep, thin-walled, cylindrical crater that is convenient for the loading and arcing of X-ray powder spindles, in addition to other materials. The half-inch depth of the crater corresponds .to the length of the average spindle, thereby eliminating any necessity for ·cutting it up. This depth also tends to prevent mechanical loss during arcing of the sample when it consists of refractory grains. After fusing, the sample adheres to the graphite and burns away to completion along with the carbon, thus fulfilling an essential requirement of qualitative analysis (Nachtrieb, 1950 The upper electrode, the cathode, is .cut from a l/ 4-in. spectroscopic carbon rod. Its arc end is hemispherical with a 0. 06-in. radius. Tests showed that this upper eleGtrode produces less background in the spectrograms than would be caused by electrodes of smaller dimensions. ·
The iron arc arrangement consists of a l/ 4-in. iron rod as the lower positive electrode and an upper carbon electrode the same as that used for the samples.
RESULTS AND fABLES
Tal;>le 1 lists the sensitivities on the basis of 1-mg satrtples for the 69 elements determined with the method. The values are those indicated by the solution standard plates on the basis of 1 mg of sample. Where less than 1 mg of sample is available, the sensitivities are reduced by a factor equal to that applied in upgrading the estimations of element concentrations (Procedur.e). Interference by the lines of other elements also decreases the sensitivities listed. For example, where uranium is a major or minor component of a sample, the thorium line at 2837. 299A cannot be used because of interference by uranium lines at 2837.328 and 2837.187 A. The less sensitive thorium · lines at 2703. 962 and 2565. 597 A then must be utilized, thus reducing the visual detection limit of thorium from 0.1 percent to 1 percent. The maximum sensitivities of Al, B, Ca; Cu, Li, Mg, Si, Ti, and V are limited by the presence of these elements as residual impurjties in the regular grade carbon electrodes. The method is not designed for extreme sensitivity but rather for a means by which major and minor concentrations of 6ff elements in small samples may be checked in one exposure. Table 2 lists the wavelengths (Harrison, 1939) and individual sensitivities of the analytical lines used. Wherever practicable two or more lines are listed for each of the major, minor, and trace concentration ranges reported. In spectrographic quantitative analysis the utilization of various lines for different ranges of element concentrations is neeessary (Harrison and others, 1948) ; in a qualitative method the use of such lines in addition to the persistent lines is advisable, especially where the concentration of an element lies on or close to the boundary of demarcation between percentage brackets. The choice of the lines was guided by the various tables in the literature (Waring and Annen, 1952; Waring and Mela, 1952; Harrison, 1939; Brode, 1943; Harvey, 1947) , by considerations of freedom from interference by the lines of closely associated elements, and by checks of the solution standard plates with spectrograms of 1-mg samples of National Bureau of Standards standard samples and other standards 5 available.Q_y..rin<J.!Q interference by the cyanogen bands, a number of persistent lines cannot be used, for instance those of Kat 4047 and 4044 A and of In at 4511 A. Table 3 lists the results of chemical microanalyses of some samples originally analyzed oy the spectrographic microqualitative method. These samples were available in amounts of only a few milligrams, and the qualitative spectrographic xesults sliown were intended to serve as a guide for the subsequent quantitative chemical analyses. Comparison of the 31 dete'rminations of 13,elements in the eight samples indicates seven disagreements of the spectrographic results with the chemical in the magnitude of one percentage brae ket. These disagreements were not considered too serious because it was still possible to identify the minerals from the data at hand. Table 4 lists a number of the mineral identifications of small single -grain samples that have been accomplished by agreement of the spectrographic microqualitative analyses with the data from the X-ray diffraction patterns. The spectrographic determinations of more than 40 different elements have thus been checked on a qualitative basis.
The compositions of the standard solutions (Waring and Annen, 1952) are tabulated on pp. 14-16.
FUTURE PROGRAM.
Plans for further improvement of the microqualitative method include an investigation of the possible application of a controlled arc atmosphere designed to eliminate the cyanogen bands obscuring a large number of persistent lines. The sensitivities for elements such as Cs, Rb, Th, U, and many rare earths might thus be increased. The preparation of standard spectrograms on the basis of 0. 5 mg of sample rather than 1 mg, involving the dilution by a factor of two of the present standard solutions, is also being considered. Such spectrograms, by !representing a sample· weight closer to that usUa.lly used, would aid in making the method more nearly semiquantitative. (percent) IIf------------ The following standard solutions were made from compounds and elements available in the laboratory. The compounds were dissolved in distilled water unless otherwise noted. W, metal-------------------48 percent HF + HN0 3 , (cone), heat. Diluted to volume with H20.
Y 2 0a-----------------------1:1 HCl and heat. Diluted to volume with H20.
Yb 2 0a----------,-----------1:1 HCl, heated. Diluted to volume with H20.
ZnO, reagent---------------Dilute HCl.
